Tunnels serve various functions such as in subway systems, underground electric power lines, gas pipes, telecommunication lines, water supplies and sewer lines and many other pipelines. The trend of tunnel construction is toward deeper and longer tunnels. In addition, the excavation of tunnels in di‹cult ground conditions is now not uncommon, though the tunnels themselves are still di‹cult to construct. Advanced studying methods have been developed for the prediction, monitoring and evaluation of the performance of tunnels and ground. Today, experimental methods and analytical methods are the main approaches used in tunnel studies. In this paper, the present state of tunnel construction and the main study methods are discussed, and the various experimental and analysis methods and their usage are compared. Tunnel excavation is very complex because it involves soils, structure and interaction problems. There is no one perfect studying method, though there are good combinations of numerical analyses and experimental methods which provide the optimum approach for solving tunnel related problems.
INTRODUCTION
Since seventy percent of Japan is topographically mountainous, tunnels have been built from one place to another in order to secure tra‹c paths for railways and roadways. In urban areas, in addition to subways, there is an extensive network of tunnel for lifelines such as sewerage, waterworks, etc. An enormous amount of attention is being given to the design of tunnels, the selection of the construction method, and the best auxiliary methods to be employed. Model tests and numerical analyses are the standard for prediction, monitoring and the evaluation of the performance of both tunnels and ground.
This paper includes an overview of the tunnel related problems published in the many editions of Soils and Foundations (S&F) since it's foundation. Study methods, including experimental methods and numerical methods used in tunnel research, are also discussed.
PREVIOUSLY PUBLISHED PAPERS IN S&F
Twenty papers focused on underground constructions including tunnels and pipelines have been published in S&F during the 50 years since this journal came into being. Eighty percent of these papers (16 papers) were focused on tunnel related problems. As well as looking at the number of the papers in each ten year interval since the inception of the journal in the 1960s to date, the research objectives and method employed in each study will be outlined.
Number of Published Manuscripts
The following is a list of the relevant papers publishd in S&F: Dufour Christian and Wong, 1973; Shiraishi, 1969 . Figure 1 shows the number of the papers published per decade from the 1960s to 2000s. The numbers listed in the bar chart shows the number of the papers published in the span of ten years. From theˆgure, it can be seen that there were two or less tunnel related papers published in S&F per decade in theˆrst, second and third decade since theˆrst publication of S&F. In the 1990s and 2000s, the number of published papers increased to 6 papers. However, this number is still relatively low. The relatively low number of tunnel related publications in S&F could probably be attributed to the existence of other journals which deals speciˆcally with tunnels, for example the Journal of Tunnel Engineering (JSCE), the Proceedings of Tunnel Engineering (JSCE) and the international journal of Tunnelling and Underground Space Technology (ITA). Figure 2 shows the total number of the papers in the lastˆfty years categorized by the research objectives. Half of the papers discussed the mechanical behavior of ground during tunnel excavation process. Compared with this, there is only one paper each dealing with the ground water problem, dynamic problem of ground and auxiliary methods, respectively.
Methods of Study
The papers are categorized according to the studying methods employed in Fig. 3 . The most common studying methods used in the research included model tests, numerical analysis andˆeld data analysis. Model tests and numerical analysis were conducted in more than half of the papers and both model tests and numerical analyses were featured in 25z of the papers. Field data were analyzed in 25z of the papers, and half of them were combined with model tests or numerical analyses. Figure 4 shows details of the studying methods used in these papers. From theˆgure, it can be seen that trapdoor is the most commonly used experiment apparatus and FEM is widely used for numerical analyses.
PRESENT STATE OF THE TUNNELING

Deep Tunneling
In large cities in Japan, such as Tokyo, Osaka, and Nagoya, shallow underground space is already congested with various underground structures like subways, electric power lines, gas pipes, telecommunication lines, water supplies and sewer lines as well as many other tunnels and pipelines. Therefore, the new tunnels are constructed deeper because they have to give a wide berth to the above-mentioned existing underground structures.
Cases of deep tunnel construction are increasing rapidly after the enactment of the new law called``The Special Measures Act for Public Use of Deep Underground Space'' in Japan. This new law came into eŠect on April 1, 2001 , and the main purpose of this law is to regulate the use of deep underground space in an appropriate and rational manner for public purpose.
Some typical examples in Japan, in which deep tunnels have been excavated, include a tunnel for high voltage electric power lines at a depth of 66 m in Osaka, a conduit for a gas pipeline at a depth of 60 m in Yokohama, and a sewer line tunnel at a depth of 57 m in Tokyo. Deep tunnels have also been excavated in the US: the New York water supply tunnel is a depth of 150 m and the Chicago TARP tunnel is at a depth of between 61 and 107 m.
The latest examples of deep tunneling construction include the mega infrastructure project in Singapore called`D eep Tunnel Sewerage System'' (DTSS). The DTSS project was started in 1999 and the entire project will take over 20 years. The tunnel is expected to be about 38 km long, with a diameter ranging between 3.6 to 6.0 m and founded at a depth between 18 to 50 m. Most of the tunnels will be bored by shield type TBMs. (PUB, Singapore's national water agency: http://www.pub.gov.sg/ dtss/Pages/default.aspx) 
Large Cross Section Tunnels
Recently, the construction of tunnels with large cross sections, with an excavated cross section area of about 130 m 2 , is increasing. Examples of such tunnels include tunnels with three-lane roads, roads with sidewalks, etc. An example of such a large cross section tunnel with an excavated cross section area ranging between 700-800 m 2 has been under construction using the Multi-Micro Shield Tunneling method for a highway tunnel in Kawasaki, Japan. Also, a large world-class highway tunnel with a diameter of 12.84 m has been bored by TBM in Takayama, Japan.
The latest large tunnel construction in Japan using a shield machine is the Yamanote Tunnel between Takamatsu JCT and Nishishinjuku JCT on the Capital Expressway. The shield machine used for the construction of this tunnel opened to tra‹c on March 1, 2010, was about 12.5 m in diameter. (Technology of Metropolitan Expressway, Japan: http://www.tech-shutoko.jp). The latest large tunnel construction in Japan excavated by NATM is the Namikata national liqueˆed petroleum gas stockpiling base. Namikata base is an extra-large tunnel 30 m in height and 653 m 2 in cross section area constructed 150 m from the ground surface. This tunnel is 430 m long and it will be used for stocking liqueˆed petroleum gas.
Shallow Overburden Tunnel Excavation on Soft Ground Using NATM
Up to now, the open-cut method is the main tunneling method for excavating shallow overburden tunnel on soft ground. Recently, due to the improvement of the construction techniques and the technical development of auxiliary methods, the construction of shallow overburden tunnel on soft ground using NATM (New Austrian Tunneling Method) have been on the increase. For example, during the route extension work of the Tohoku Shinkansen (Bullet line), in Japan, various types of shallow overburden tunnels were constructed (Kitagawa et al., 2005) . However, ground subsidence frequently occurred as a result of the low stiŠness of ground arising from soft ground and the incompletion of the arch eŠect due to the shallow overburden. Various kinds of auxiliary methods have therefore been utilized in the aboveˆelds to ensure safety during tunnel excavation and to prevent ground subsidence (Kitagawa et al., 2005) .
EXPERIMENTAL METHODS
During the planning and design of a new untried construction with no clear criterion, trial constructions,ˆeld measurements and model tests are frequently carried out to check the mechanical behavior of ground and tunnels. Obtaining detailed information from the trial construction andˆeld measurement is di‹cult due to time limitations and cost. Compared to the trial construction and eld measurements, much information is made available by model tests, which can be easily conducted inexpensively. These provide rational approach to obtaining as much information of construction as possible, model tests having recently become one of the most popular studying methods.
Real Excavation
It is desirable to perfectly simulate the stress state in real construction and the real tunnel excavating process in model tests. Therefore, an experimental method that involves excavating the model ground has been frequently employed in research works. 
Exerting a Forced Displacement (1) Trapdoor apparatus
The trapdoor apparatus (Terzaghi, 1936 ) is often used to predict the active (loosened) earth pressure on the tunnel lining and the support system. Also, Terzaghi's formula (1943) of the active earth pressure on the trapdoor is still often applied to the design of the tunnel support system. The tunneling process is simulated by lowering a supporting plate (the trapdoor) to reduce the conˆning stress in the localized area.
Dry sand was used to make the ground in Terzaghi's carried out a series of model tests using trapdoor apparatus to clarify the eŠect of the foot reinforcement side pile, which is one of the auxiliary methods. In all the above studies, the trapdoor was used. This shows the importance of the trapdoor in the tunnel studies. (2) Pullout tests A 3D trapdoor apparatus is mainly used to check the 3D eŠects of the ground during tunneling while a 2D trapdoor apparatus is mainly used to check the mechanical behavior of ground in the transverse direction of the tunnel. A pullout test was also developed to check the mechanical behavior of ground along the traveling direction of the tunnel.
Kirsch (2009) carried out small-scale pullout experiments to investigate the stability of the face during tunnel excavation. The experimental apparatus used in this research is as shown in Fig. 7 . The tunnel was represented by a half-cylinder of perspex, with an inner diameter of 10 cm and a wall thickness of 4 m. An aluminum piston wasˆtted into the tunnel to support the soil. The piston was mounted on a horizontal steel rod, which was supported by a one-dimensional roller bearing inside the side wall of the box. The looseness of the face of tunnel was modeled by pulling out the piston by turning the knob in extension of the piston axis. The deformation of the tunnel lining during tunnel excavation is di‹cult to simulate in both trapdoor experiments and pullout tests. Adachi et al. (1985 Adachi et al. ( , 1989 proposed a new experimental apparatus that can simulate tunneling by changing the diameter of the tunnel to check the loosening area around the tunnel during excavation. Based on this idea, Kikumoto et al. (2009) carried out improved model tests to investigate the behavior of existing neighboring foundations during tunneling. Figure 8 shows the outline of the experiment apparatus used in this research. The apparatus consisted of 12 bearing blocks which could be displaced in the radial direction Fig. 9 . Earth pressure measuring apparatus for tunnel (Ono and Yamada, 1983) only. Thus, the looseness due to tunnel excavation was modeled by contracting the tunnel section.
Stress Control
It is possible to simulate the tunnel excavation process by changing the pressure that acts on the tunnel lining. Ono and Yamada (1983) produced the experimental apparatus shown in Fig. 9 to simulate the tunnel excavation to check the arch eŠect in sandy ground. The test procedure includedˆrst putting a plastic tube with a given inner pressure in the sandy ground, and then lowering the earth pressure to simulate the release of in-situ stress during tunnel excavation. In addition, Sakurai et al. (1994) carried out a series of model tests to investigate loosening pressure of a shallow overburden tunnel using the same method.
ANALYTICAL METHODS
Numerical analysis is an indispensable tool for tunnel engineers and the majority of the analyses undertaken for design and research of tunnels are now computer based. Due to the development of computers, numerical analyses are widely used to predict surface settlement and tunnel deformation, the in‰uence on neighboring construction and the in‰uence of the ground water. Numerical analyses are also used for the design of tunnel lining and the decision as to which auxiliary methods should be adopted.
A number of numerical analysis methods have been developed in tunnel engineering practice. The methods include theˆnite element method (FEM),ˆnite diŠerence method (FDM), boundary element method (BEM), and discrete element method (DEM). Unfortunately, there is no uniˆed or standard analysis code or analysis method for the design and research of tunnels. A number of software packages commercially available in tunnel design and analysis are brie‰y introduced in Table 1 
Continuum Analysis
The continuum analysis methods mainly include FEM, BEM and FDM, and these methods are used extensively for the analysis of underground excavation design problems. The common property of these methods is that the material is idealized as a continuum.
FLAC (Itasca), PLAXIS (PLAXIS B.V) and ABA-QUS (SIMULIS) etc. are widely used programs for continuum analyses as shown in Table 1 (Choi et al., 2006) . The most commonly used FE analysis code is ABAQUS (SIMULIA, USA) and the most commonly used FD analysis codes are FLAC and FLAC 3D. Examples where both ABAQUS and FLAC have been used are shown in Table 2 . Form the table, it can be seen that these continuum analysis codes are widely used to clarify the mechanical behavior of ground during tunnel excavation, the eŠects of auxiliary methods and the in‰uence of the neighboring constructions. Figure 10 shows an example of the use of FLAC 3D. The beneˆts of general-purpose software are that it is easy to use and easy to visualize.
There are also many original programs that are widely used for tunnel analyzing by other researchers. Original programs tend to be very eŠective because they can combine any kind of constitutive model for ground and structures which can simulate the properties of the material pertinently. Cui et al. (2010) carried out a series of 2D FE analysis to check the settlement prevention eŠect of foot reinforcement side pile, which is a foot reinforcement method. An original FE program named DBLEAVES (Ye et al., 2007) was employed in this study and the subloading tij model ) was used to simulate the properties of soil. The comparison of thê led data and analytical data in Fig. 11 shows that the analytical results are in good agreement with the measured results.
Discrete Element Analysis
Soils and rock behave in a rather complicated manner due to their distinct properties. It is sometimes necessary to model the discontinuous behavior of these materials as in the case of soil liquefaction or in simulating the failure and crack of ground and rocks. Therefore, the discrete element method, which is also known as the distinct element method (DEM), was developed to model the materials with separate particles (Cundall, 1971; Cundall and Boar, 1988 ). This method is suitable not only for the simulation of the behavior of soils but for the behavior of any particulate matter, lincluding powders and grain.
The examples of use of the DEM for tunnel analysis are shown in Table 2 and Fig. 12 . The 3D DEM is used for the analyses of a limited domain with large deformation or cracks. On the other hand, for the analysis of large domains, the 2D DEM is employed to simulate the behavior of ground or rock during tunnel excavation. One of the main problems with the DEM is the computational cost of the simulations. In a real case, a large number of particles are required, and the analysis of each contact between them involves a lengthy computational time.
Coupled Method
The simulation of discontinuities that occur in many geomaterials is di‹cult using continuum analysis. On the other hand, because DEM requires excessive computa- Two-dimensional and tree-dimensionalˆnite element stress analysis High speed analysis http://www.geolab.jp/index.html (in Japanese) (Geoscience Research Laboratory Co., Ltd., Japan) Excavations in soil and rock EŠect of support of tunnel and auxiliary methods Interaction between ground and structure Simulating construction process of tunnel and embankment SEEP/W Aˆnite element code for analyzing groundwater seepage and excess pore-water pressure dissipation problems within porous materials Available from simple, saturated steady-state problems to sophisticated, saturated-unsaturated time-dependent problems Both saturated and unsaturated ‰ow Widely used in general analysis and as a design tool applied to a broad range of problems Using user-deˆned constitute models and FISH functions, it is well suited for modeling of several stages, such as sequential excavation, placement of supports and liners, backˆlling and loading. As an option, this program enables dynamic analysis, thermal analysis, creep analysis, and two-phase ‰ow analysis.
Mechanical behavior of soils and rock mass Coupling of hydraulic and mechanical behavior of soils Well suited for tunneling or excavation in soil Global overview of engineering solution in rock mass, where equivalent properties of the rock mass should be properly evaluated Seismic analysis Suitable for interaction study for crossing tunnels
Discontinue code used in analysis, testing, and research in anyˆeld where the interaction of many discrete objects exhibiting large-strain and fracturing is required. Not designed to examine a particular type of problem, its range extends to any analysis that examines the dynamic behavior of a particulate system.
Tunneling and excavation in rick or soil. Seismic analysis Dynamic fracture analysis for structure, rock and concrete. 3DEC is three-dimensional extension of UDEC Well suited for problems involving jointed rock systems or assemblages of discrete blocks subjected to quasi-static or dynamic conditions Modeling of large deformation along the joint systems The intact rock (blocks) can be rigid or deformable blocks Full dynamic capability is available with absorbing boundaries and wave inputs Joints data can be input by statistically-based joint-set generator Coupling of hydraulic and mechanical modeling Tunneling and excavation in jointed rock mass Well suited if dominating weak planes are well identiˆed with their properties properly quantiˆed Hydrojacking potential analysis for pressure tunnels, which requires details of joint ‰ow, aperture and disclosure relationships Seismic analysis Complex three-dimensional behavior of geometry Suitable for interaction study for crossing tunnels in jointed rock mass. (Lunow and Konietzky, 2009) tional time, it is not considered practical for use in the simulation of large problems. The best conceivable analysis method for underground structure is one with no limitations with regard to the analysis area, and one which can simulate the cracks and crush of the soils and rocks as well as the interaction of the soil and structures. As mentioned above, the continuum analysis methods are suitable for all kinds of domains with small deformation, while the discrete element analysis methods are suitable for large deformation. Therefore, an analysis method which combines the continuum analysis and discrete element analysis methods has been developed. The idea is to use the DEM in the subdomain where the fracture occurs, and the FEM can be used in the other part, where the behavior can be represented with a continuum based scheme. nels and to provide information for further design works in the waste repository. In this research work, DEM was used for modeling the jointed rocks, which are the discontinuous media, by representing them as an assemblage of discrete blocks. Each block was treated as rigid or deformable material ofˆnite-diŠerence elements, while the discontinuities governed the boundary conditions between the blocks.
CONCLUSIONS
This paper has introduced the present state of the model tests and the numerical analysis methods for the tunnel excavation problem. Either the model tests or the numerical analysis is indispensable for clarifying the mechanical behavior of ground and tunnel during tunnel excavation, the eŠects of the auxiliary methods and the in‰uence of existing neighboring structures, for example. As has been explained in this overview, numerous experimental methods and analysis codes have been developed for the design and research of tunnels, both in Japan and overseas.
However, the studying methods used in the papers published in S&F are few. The trapdoor apparatus was used in 50z of the model experiments and FEM was adopted in 80z of the analysis works. In addition, most of the researchers in Japan preferred to develop original programs. The principal factor responsible for above phenomena is the small number of tunnel related papers published in S&F. The vibrant submission of tunnel related papers is strongly encouraged.
The future projection is that the construction of tunnels will continue to increase, and the problems related to prediction, monitoring and the evaluation of the tunnel and the ground will remain. Model tests and numerical analysis will no doubt become increasingly more important. At this point in time, it would appear that the the optimum approach to tunnel related studies will involve a good combination of the numerical analysis and experimental methods.
